Abstract. Using output made with the National Center for Atmospheric Research (NCAR) Community Climate Model Version 1 (CCM1), the characteristics of blocking events over the Northern Hemisphere in a ten-year present day control simulation with a CO concentration of 330 ppm were compared to those in a previously analyzed observational three-year climatology. The characteristics of blocking events in a double present-day CO concentration simulation were then compared to those in the control simulation in order to evaluate how these characteristics might change in an increased CO atmosphere. The results demonstrated that in the Northern Hemisphere the CCM1 correctly simulated many characteristics of blocking events such as average annual number of occurrences, annual variations is size and intensity, and preferred formation regions. A more detailed analysis (i.e., by region and season) revealed some differences between the CCM1 and observed blocking events for characteristics such as mean frequency of occurrence, intensity, size and duration. In addition, the model failed to capture adequately the occurrence of blocking events over the western Asian continent. A comparison of the double CO concentration run to the control showed that, in general, blocking events were more persistent and weaker, but of similar size in the increased CO atmosphere. Also, some statistically significant regional and seasonally dependent changes were found in the frequency of occurrence, duration, and intensity. Finally, a correlation between block size and intensity, significant at the 99% confidence level, was found in each climatology. This result is similar to a correlation found in the analysis of observations.
Introduction
General circulation models (GCMs) have become useful in diagnosing and understanding the processes associated with large-scale phenomena such as blocking anticyclones. In the Northern Hemisphere, standing eddies are responsible for a significant portion of the total poleward heat and momentum transports (e.g., Wiin-Neilsen 1986) . Blocking anticyclones may be included as an example of such a phenomenon, at least in a climatological sense. Therefore, it is desirable to determine whether or not a general circulation model can sufficiently reproduce the occurrence of such phenomena in a climatological sense, and Tibaldi (1993) and Tibaldi et al. (1994) suggest that blocking diagnostics can be used to evaluate the performance of GCMs. This is also of interest because blocking anticyclones link both the synoptic and planetary scales. A number of recent diagnostic and observational studies have examined blocking anticyclones and their relationship to the synoptic scale (e.g., Colucci 1985 Colucci , 1987 , the planetary scale (e.g., Hansen 1986; Lejenas and Madden 1992; Mokhov et al. 1994) , and their interactions (e.g., Tsou and Smith 1990; Lupo and Smith 1995b) . Blocking anticyclone events can also be associated with recurrent subseasonal features such as ''Indian Summer'' in the fall (Agayan and Mokhov 1989; Mokhov 1993 ). In addition, there has recently been a great interest in using GCMs to determine what future climates may look like in the face of anthropogenically increased CO concentrations (e.g., Oglesby and Saltzman 1992; Held 1993; and many others) .
This study uses the National Center for Atmospheric Research's (NCAR) Community Climate Model version 1 (CCM1). A previous version of the CCM model (CCM0B) (R15 truncation) was used by Bates and Meehl (1986) to examine global 500 mb height statistics and develop a climatology of blocking anticyclones. Their study showed that CCM0B did well in capturing the large-scale features of the general circulation in both the Northern and Southern Hemispheres, especially during the winter season. The model also did well in representing the annual occurrence of blocking anticyclones, however, there were some important regional and seasonal differences between observations and the model regarding the location and occurrence of blocking events. Bates and Meehl also demonstrated that, in the Northern Hemisphere, the frequency Climate Dynamics of blocking anticyclone occurrence would not change significantly if the concentration of carbon dioxide (CO ) was doubled relative to present-day values, but that regions of the most frequent blocking occurrence may shift somewhat.
Any comparison between CCM1 and CCM0 should be prefaced by noting some relevant differences between the two models . First, the improvements in the parametrizations and model physics in CCM1 leads to winters that were warmer than in CCM0 (CCM0 was systematically too cold at polar latitudes). The colder winter climate in CCM0 resulted in sea-ice margins being located farther equatorward than observed, especially for the North Atlantic (Bates and Meehl 1986) . Second, it is well known that CCM1 exhibits significantly less 500 hPa geopotential height variances compared to CCM0 or to observed height variances (e.g., Hansen and Sutera 1993a) . This difference between CCM1 and CCM0 or observations is a particular problem within the storm track regions and over the eastern Northern Hemisphere oceans, which are the typical blocking regions (e.g., Hansen and Sutera 1993a) . Therefore, we might expect that any climatology developed from CCM1 would have fewer, weaker, or less persistent blocking events than a similar climatology derived from CCM0 or observational data. Such a comparison may also yield any combination, or all, of these changes in blocking anticyclone characteristics. However, this may not be true for every particular region or season. For example, a CCM1 perpetual January simulation showed stronger time-mean stationary waves than in CCM0 or as observed over the eastern Pacific ocean basin (Hansen and Sutera 1993a) , and could presumably predispose the flow in that particular region and season to blocking (A. Hansen personal communication) .
The primary objective of this study is to develop a climatology for Northern Hemisphere blocking anticyclones using simulations made with CCM1. These include a present-day (control) simulation, and a double present-day carbon-dioxide (2;CO ) concentration simulation. Climatologies from both simulations were developed using the methodology of Lupo and Smith (1995a) (hereafter LS95) . The climatology of the present-day simulation was also compared to the results of LS95, who obtained an observational climatology of blocking anticyclones that was shown to have results that were qualitatively similar to those of much longer climatological studies, in particular those in Triedl et al. (1981) and Lejenas and Okland (1983) . The double CO concentration results are compared to the control simulation results to determine how increased CO concentrations may affect the characteristics of blocking anticyclones in future climates. Finally, while the methodologies used are very different, our experimental strategy is similar to that of Bates and Meehl (1986) . Therefore, the overall results of this study will be compared to theirs to determine if two different methodologies will yield similar conclusions about the model's performance and if improvements to the CCM model (CCM1 versus CCM0B) results in a more faithful climatology of blocking anticyclones when compared to observations.
Data and methodology

Data
The data used in this study are latitude longitude gridded data fields derived from output generated by the NCAR CCM1 model. The version of CCM1 used to generate the data is a global pseudo-spectral (R15), primitive equation general circulation model (GCM) with a horizontal resolution equivalent to a 4.5°latitude by 7.5°longitude grid and has 12 -surface layers in the vertical (Phillips 1957) . This version of the CCM was chosen since, to our knowledge, no comparable blocking climatology using CCM1 exists, the model runs described later were readily available (no equivalent model runs are yet available from (CCM2), and the truncation (R15) is the same as that of the CCM0B model used in the Bates and Meehl (1986) study. More importantly, however, Chen and Tribbia (1993) demonstrate that the stationary long waves in the Northern Hemisphere are more faithfully represented by the R15 version of CCM1 than at higher resolution, such as the T31 and T42 version. This is important, at least in order for the model to generate blocking anticyclones in the right locations, since the occurrence of blocking seems to favor regions at the end of the climatological storm tracks, which are ''anchored'' by the standing long wave pattern in the Northern Hemisphere (e.g., Mak and Cai 1989) . The CCM model can be used to calculate atmospheric temperatures, horizontal wind components, humidity and mass distributions as prognostic variables computed 48 times daily, but output only twice daily. Other variables used to derive these quantities (or obtainable from them) are determined diagnostically. provide a more detailed description of the model, and Blackmon (1986) describes the development of the model.
In order to calculate sea surface temperatures (SSTs), CCM1 was coupled with a thermodynamic slab-ocean and sea ice model originally formulated by Semtner (1976) and adapted to the CCM1 model by Covey and Thompson (1989) . While this type of ocean model does allow for atmosphere-ocean surface interactions (e.g., in the computation of water vapor), no dynamical aspects of the oceanic circulation such as heat and mass transports are included. The lack of dynamics means that features such as ocean currents (i.e., the Gulf Stream) and upwelling regions are not considered. These features can have a significant impact on SSTs, which is turn can directly or indirectly affect the favored climatological regions of cyclone formation and/or block formation, especially in the Atlantic. This point is important in interpreting the results of our study and more will be said about this relationship in the results section. The atmospheric carbon dioxide is prescribed in CCM1 and impacts on atmospheric radiation balance directly through the long-wave radiation computations using the model of Kiehl et al. (1987) . Atmospheric CO also impacts on radiative balance via the short-wave radiation computations, but to a much smaller degree.
In this study, twice-daily (0000 UTC) model calculated geopotential heights at 500 hPa are used for both the present-day control simulation (330 ppm) and the double CO (660 ppm) simulation. These data were generated by Oglesby and Saltzman (1992) for their study and obtained from the mass store facility at NCAR in Boulder, CO. It is important to note that both simulations were run using the same initial conditions as described by Oglesby and Saltzman (1992) except for CO concentration. Therefore, CO concentration in the second experiment was not gradually increased with time from 330 ppm to 660 ppm, but was implemented instantaneously at the beginning of the run. The control model run was 20 years long and the double CO model run was 15 years long. An overlapping five-year period of model output (model years 11-15) was selected for study which allowed 10 years for model equilibration (more important for the double CO run, see Oglesby and Saltzman 1992) . For a more detailed description of the strategies used in the model simulations, the experimentation, and data selection consult Oglesby and Saltzman (1992) .
Methodology
The methodology is the same as that used in Lupo and Smith (1995a) and only a brief summary will be given here. The blocking criteria can be summarized as a combination of the Rex (1950) subjective definition, and the objective criterion of Lejenas and Okland (1983) , with the exception that the minimum threshold for persistence was five days. This choice of a persistence threshold also differs from that of Bates and Meehl (1986) , who used seven days in their definition. It should also be noted here that all comparisons of our results to those of Bates and Meehl are made by adjusting our (CCM1) and the LS95 summer and winter season definitions to fit those of Bates and Meehl (1986) , removing all blocking cases lasting 5 or 6 days from the CCM1 and LS95 results, and normalizing totals in all three climatologies to annual averages. Additionally, Bates and Meehl used a ''thresholding'' methodology (i.e., a block is defined as a 500 hPa height anomaly that exceeds a specified deviation from climatology for a specified length of time) following that of Shukla and Mo (1983) , which is another objective technique considerably different from our methodology. Shukla and Mo (1983) also served as their comparison to observations. Although long enough to provide a reasonable sample of blocking events, the ten-year (three-year) period chosen for study in this work (LS95) is short compared to some other climatological studies of blocking anticyclones. The relatively short period of observations was chosen by LS95 in order to make it practical to visually confirm the blocks identified in the twice-daily 500 hPa height fields using the objective classification technique described therein (and briefly here), to calculate manually the blocking characteristics of each case, and to observe the relevant upstream cyclone and jet stream characteristics for each case. The ten-year (five-year) period chosen for the control (double CO ) simulation in this study were constrained by the length of the model runs (allowing for model equilibration). This procedure, therefore, combines some of the aspects and advantages of both subjective and objective blocking criteria that have been previously published in order create a uniform criterion that facilitates the compilation of all the blocking characteristics mentioned in this chapter.
The Lejenas-Okland (¸O) criterion (Lejenas and Okland, 1983 ) is defined as the difference between the 500 hPa geopotential height at 40°N and 60°N. These two latitudes were chosen based on the results of Triedl et al. (1981) who demonstrated that in the Northern Hemisphere, blocking anticyclones tend to be dipoles with a region of high pressure around 60°N and a region of low pressure around 40°N. In this study the¸O index is given by;
where Z represents the geopotential height at each given latitude. These latitudes were chosen since they are the ones output by CCM1 that are closest to the original formulation of the¸O index. Lejenas and Okland (1983) specify blocking to occur when the¸O index is negative over a sufficient longitudinal width. In order to meet this requirement, a second relationship that must be fulfilled was given as;
where 1 is the longitude. In using this index it is convenient to display¸O on a Hovmoller diagram (Hovmoller 1949) , with longitude on the abscissa and time on the ordinate. However, as noted in LS95, small positive values of¸O can also indicate blocking. They found that a distinct signature can be imparted on a Hovmoller diagram by blocking events even when the location of the dipoles differed significantly from those in Eq. (1), and the values of¸O were small negative and/or positive values (generally with absolute values less than 50 m). Blocking anticyclone characteristics are also defined and classified by region and season in the same manner as in LS95. Among these characteristics are block intensity and size. Block intensity (BI) is determined by normalizing the geopotential height value at the anticyclone center (Z K ) through the use of the height contour that best represents the blocking anticyclone (C P ). (The procedure for choosing this contour is also described in LS95.) Therefore, BI is given by:
where 100.0 and 1.0 are constants chosen such that BI varies between 1 and 10 on any given day. In order to minimize subjectivity, C P was determined in the following manner; (a) C P must represent the full wavelength between the trough lines of the upstream and downstream trough, (b) C P may not be a closed contour, and (c) C P is the middle contour of contours meeting the first two criteria. (If two contours satisfy (a) and (b), then the contour with the higher value is chosen.) Z K represents the grid point with the maximum 500 hPa geopotential height value in the closed blocking anticyclone region or on the ridge line associated with the block. Therefore, BI is a measure of the average maximum height of the block over its lifetime normalized to adjust for daily and regional anomalies.
Each case is classified as strong (BI'4.55), moderate (4.55'BI'2.55), or weak (BI(2.55), and the rationale for choosing these limits is discussed in more detail by LS95. The half-wavelength, or blocking anticyclone size, is defined as the distance (km) between the upstream and downstream inflection points on C P . As stated in LS95, these additional conditions for determining blocking characteristics provided a uniform set of guidelines for performing this study. One aspect of LS95 not examined here is the relationship of precursor cyclones to various characteristics of blocking anticyclones. This is because it is difficult to identify a specific cyclone event with confidence in a model with such coarse resolution (e.g., Stewart 1994; and many others) .
Comparisons between the observational and model control climatologies and the control and 2;CO model climatologies were made by examining the ten (model) and three-year (observed), annual, regional, and seasonal means and/or probability density functions (PDFs). As long as each set or subset contained a reasonable number of blocking events (e.g., 30 to 60 cases), any differences in the means or distributions were tested for significance at both the 95% and 99% confidence level. In cases where no meaningful statistical testing between two subsets could be performed, some of the seasonal means were still presented in order to provide the reader with a more detailed description of the results found in our study. Correlation coefficients were tested for significance using the Z-score test (Neter et al. 1988 ) and assuming the null-hypothesis, or that no a priori relationship between the two variables. PDFs were tested for goodness-of-fit versus a ''standard'' or ''observed'' (but unapproximated) distributions using the chi-square goodness-of-fit test (Neter et al. 1988 ). Lastly, comparisons of means were examined using a twosided ''simple standardized test statistic'' (z*) (Neter et al. 1988, pp. 310-366) .
The Northern Hemisphere is divided into three regions. The Atlantic, Pacific and Continental regions are bounded in longitude by 80°W and 40°E, 140°E and 100°W, and 40°E and 140°E (Eurasian continent) and 100°W and 80°W (North American continent), respectively. Each blocking event was then placed in one of these regions, based on its location (longitude) at onset. Blocking anticyclones were tracked by noting the longitude and latitude of the center point Z. The blocking year started on July 1 and ended June 30. This is consistent with the definition of other studies (e.g., Quiroz 1987) and is most appropriate considering the minimum of Northern Hemisphere blocking events occurring in the summertime. Finally, the winter, spring, summer, and fall seasons are defined as January to March, April to June, July to September, and October to December, respectively.
Comparison of the control simulation to the observational climatology
The present-day CO concentration simulation versuş S95
A comparison of preferred block formation regions for each aggregated sample ( Fig. 1 a, b) shows that the model performed generally well in capturing the broad formation region over the Pacific. Unlike the observational (Fig. 1b) . This suggests that there may be some differences in the dynamics between the model and real world in this region, and a full analysis of these differences is beyond the scope of this work. Comparing block formation histograms (Fig. 1) for the Atlantic region demonstrates that the model block formation region is shifted toward the west, with the frequency maximum about 20°farther west than that of observed blocking events. This result may be at least partially due to the lack of a Gulf Stream in the slab-ocean model. Without the Gulf Stream, the associated lower atmospheric baroclinic zone east of North America would be weaker and confined to a smaller area off the east coast United States. The result is a weaker Atlantic storm track and subsequent placement of the storm track one model grid point south and west of observed storm tracks (e.g., Oglesby et al. 1989; . As shown by LS95a (and many others), blocking tends to occur just downstream of the storm tracks, and therefore, the westward placement of Atlantic blocking by the model is consistent with that of the model storm tracks. Finally, the model results fail to show the western Russian maximum in block formation found observationally (e.g., LS95). A possible reason for this failure is that the model does not adequately resolve the observed storm track region that stretches across the northern Mediterranean and into the Caspian Sea region (Whittaker and Horn 1982) . Figure 2 shows preferred block formation regions, as in Fig. 1 , except the data is partitioned by season. For the summer season (Fig. 2a) , the CCM1 model places the peak formation region over the western Pacific region (near 170°E), which is about 40°longitude west of the observed summer peak formation region (the central and eastern Pacific). CCM1 also featured peak formation regions near Fig. 1 , except for the a summer b fall, c winter, and d spring seasons 50°W and 10°E. The second region was over Scandinavia, which is close to a summer formation region found by Triedl et al. (1981) found near 30°E. Fewer summer season blocking events were found elsewhere in the Northern Hemisphere in both the model and observed climatologies. Winter season block formation regions (Fig. 2c ) also compare favorably, especially over both oceanic regions. The CCM1 model captures the broad Pacific winter formation region, as well as the sharper maximum near 20°W over the Atlantic. Figure 2b , d shows that CCM1 correctly simulates the observed spring Atlantic block formation region, but exhibits a broader fall block formation region than was observed. Also, there were areas of frequent block formation found in the CCM1 climatology for the Pacific transition seasons that were not in the LS95a observations (which qualitatively agree with those of Triedl et al. 1981) . Finally, in the Atlantic fall and winter, CCM1 places more blocking events farther to the west than are found in the observations.
Characteristics of model blocking anticyclones that compare favorably to observed blocking characteristics were the average annual occurrences (Table 1a) and Lejenas and Okland 1983) . Over the ten years of the control CCM1 simulation (CS), 224 events occurred, or 22.4 annually and testing the model annual mean against the mean of LS95 shows there was no statistically significant difference between them. However, as shown in Fig. 3a , the CCM1 blocking events were more uniformly distributed throughout the year instead of maximizing during the winter and minimizing during the late summer and early fall seasons as typically observed (Fig. 3b) . Since the average annual number of blocking events was similar for both the CCM1 and observational climatologies, the weaker 500 hPa height variance found in CCM1 implies that blocking events were, on the whole, weaker in CCM1. However, it should be cautioned that if blocking events were generally weaker in CCM1, it may not imply that blocking events are weaker within every region or season, and a more detailed analysis is made below. In the CCM1 there were 6% and 28% fewer Atlantic (9.1 versus 9.7 per year) and Continental (3.6 versus 5.0) region blocking events, respectively, but over 50% more Pacific (9.7 versus 6.3) blocking events than observed overall. Examining these overall monthly PDF of the occurrences of CCM1 blocking events for the Atlantic region (Fig. 3 a, b) showed that the annual variation compared well, qualitatively, with the observed annual PDF in LS95. In the CS, there was a broad Atlantic winter maximum (from Oct-Apr) and a summer minimum. Pacific and Continental region blocking events in the CS exhibited exaggerated summer maxima in their overall frequency of occurrence when compared to observations. Also, in the Pacific there is no corresponding CS winter peak, or CS spring and fall minima to match those found in the observed monthly PDFs. Finally, CS Continental region blocking maximized from Jun-Oct with comparatively few occurrences outside these months. This differed from the observational result that showed Continental region blocking to be uniformly distributed throughout the year.
Blocking events in the CCM1 climatology (Table 2 ) were generally smaller in area than those found observationally, and this result was found to be significant at the 99% confidence level. Most of this difference between CS and observed events is accounted for by CS blocking events over the Atlantic region, which were significantly smaller than their observational counterparts. In the CCM1 climatology, Atlantic and Continental region blocks were about 19% smaller and occurred at an average of about 5°latitude farther north than observed blocking events (not shown) which may partially account for the differences in size. The half-wavelength of Pacific region blocks compared more favorably to their observational counterparts. This is at least partially due to the fact that the model blocking anticyclones occurred at similar latitudes to those of observed events. An intraseasonal comparison of CCM1 blocking events for the entire sample and each individual region demonstrates that blocking events were larger in the winter than they were in the summer. This result agrees with the findings of LS95 who showed that this seasonal variance in size is partially related to a seasonal migration of blocking events and storm tracks southward (northward) for the winter (summer) months.
The duration (Fig. 4 ) of the CCM1 model blocking events compared less favorably to the observations than the characteristics already considered. The average duration of CCM1 blocks was less than the average duration of observed events overall (7.4 versus 8.6 days), over every region, and over every season except summer. A test of the sample means revealed that the smaller model mean duration was a result significant at the 99% confidence level. A further examination reveals that the durations were shortest in the fall and winter and longer during the spring and summer seasons. In the observed climatology of LS95, blocking events were more (less) persistent in the winter (summer). The average annual number of blocking days in the CCM1 climatology was 92% that of the observed (Table 1b) . This difference may be partially attributable to the coarse resolution of the model, which may fail to capture sufficiently the contribution by the synoptic-scale in maintaining large-scale features, given the often highly non-linear interactions between the cyclone scale and blocking scale waves that appear to occur observationally. Also, it has been shown that CCM1 produces weaker storm track regions (e.g., Williamson and as shown by the correlation of u and v, which implies that the model produces fewer and/or weaker cyclones. Given the dynamic link between block formation and maintenance, and mid-latitude transients (e.g., Tsou and Smith 1990; Alberta et al. 1991 ; and many others), primarily through the advection of anticyclonic vorticity and/or low potential vorticity air into the blocked region, as well as the favorable comparison of block occurrences in CCM1 to observations, fewer cyclones in CCM1 would be a result consistent with CCM1 blocks that do not persist as long as their observed counterparts. Blocking events in the CCM1 model climatology were significantly less intense than observed events (Table 3) , and this result was also significant at the 99% confidence interval. Again, the difference is systematic, i.e., it occurs in every season for every region, with the exception of the spring season for the Pacific region. While the intensities of observed blocking events in LS95 were distributed nearly normal with respect to the mean, the PDF of CCM1 block intensities were skewed toward weaker values. In the CCM1 blocking climatology, 43.3% of all events were classified as weak ((2.5). By comparison, only 14.2% of observed blocking events were classified as weak. An equal number of observed events were classified as strong ('4.5), but only 7 of 224 (3.1%) CCM1 blocking events could be classified similarly. All of these events occurred during the fall and winter months, which does agree with the observational climatology finding that the majority of strong blocking events occur in the fall and winter.
The average intensities of CCM1 blocking events were strongest during the winter months and weakest during the summer months for all regions. Atlantic blocks were stronger than those over either the Pacific or Continental regions. Both of these results were similar to the observational results of LS95. Also, the systematically weaker CCM1 blocking events are consistent with the observation that the 500 hPa height variance over the eastern oceanic regions is less than observed. This suggests there may be a difference between the amplitudes of wave modes involved in the life-cycles of CCM1 and observed blocking events. The results of Hansen and Sutera (1993a) suggest this difference may be distributed along all wave numbers.
Finally, as in LS95, each blocking characteristic was correlated to all the others in order to determine if any relationship existed among them. Only the block intensity and half-wavelength (size) demonstrated any significant relationship (Fig. 5) , implying that a stronger block also tended to be larger in extent. A correlation of 0.377 was found between intensity and duration, a result found to be significant at the 99% confidence level. In testing each region, block intensity and size were again highly correlated for both the Atlantic and Pacific regions (significant at the 99% confidence level). Therefore, this result, in combination with the favorable (unfavorable) latitudinal positioning of Pacific (Atlantic) blocking anticyclones in CCM1 compared to observations, may explain the size difference between CCM1 model and observed blocks. No other significant relationships between the blocking characteristics were found, a result consistent with those of LS95. Bates and Meehl (1986) As noted in the previous section, the comparison of our results to those of Bates and Meehl (1986) (hereafter, BM86) was made more direct by adjusting our definitions of season and block duration. Since the two methodologies applied are very different, only a few characteristics of Northern Hemisphere blocking anticyclones derived from our climatology, such as frequency of occurrence and location were directly comparable. A comparison of our regions of block formation (Fig. 2a, c) to their 500 hPa persistent height anomalies (their Fig. 7) demonstrates the CCM1 summer and winter peak formation regions correspond well to similar regions of blocking activity found in CCM0B. Also, a comparison of the latitudinal positioning of Pacific region blocking events in association with Table  2 showed that observed and CCM1 events were located at similar latitudes. This result concurs with those of Bates and Meehl (1986) who show that their Pacific (and Continental) region events occur at similar latitudes to those observed by Shukla and Mo (1983) . However, in our study, Atlantic and Continental region blocking events occurred poleward of those observed by LS95, while blocking events over the Atlantic ocean in BM86 occurred equatorward of those observed by Shukla and Mo (1983) . This difference may at least partially be explained by the difference between the winter climates of CCM1 and CCM0B. It is also probable that the difference between the applied methodologies is also partly responsible.
A comparison to
A comparison of our CS block occurrences with those of Bates and Meehl (1986) (Fig. 6) demonstrates a difference in the overall annual variation of block occurrences between the two model climatologies. Figure 6 compares the average annual occurrences of blocking events found by BM86, LS95, and this study. The results are displayed as bar graphs. The BM86 climatology suggests that there is little annual variation in block occurrence in CCM0, while our climatology suggests there are more blocking events in the summer than in the winter (Fig. 6a, b) . Both of these CCM model results contradict the observed results (e.g., Lejenas and Okland 1983; LS95) which show more blocking events occur during the winter season.
Stratifying the results of all three climatologies by region reveals that comparisons between our climatology and BM86 for the Atlantic region (Fig. 6c, d) show little qualitative agreement for the annual variation (i.e., blocking is only slightly more frequent in winter over the Atlantic), since both model climatologies underestimate the observed annual variation and frequency of occurrence. In general, Continental region (Fig. 6g, h ) blocking events occurred more often than observed in both model studies, but the BM86 climatology shows little or no annual variation in the frequency of occurrence; which agreed better with observations than the results of this study. Over the Pacific region (Fig. 6e, f ) block occurrences in both model climatologies are more (less) frequent in the summer (winter) than those in LS95, and both reversed the observed annual variation of block occurrence (i.e., more blocks occur in the winter months over the Pacific region). Unlike the results of the Atlantic region, the annual occurrence (sum of the summer and winter) blocking for this region corresponded well with the observed in this study. It has been shown that the 500 hPa height variance is less than observed in both models. Therefore, as shown for our CCM1 climatology, individual Pacific blocking events should indeed be weaker in CCM0B than the observed if an analysis of CCM0B block intensities were performed. The paucity of block occurrences over the Pacific region in winter for the CCM1 model is also consistent with the apparent lack of an amplified wave number 2-4 (large-scale flow) regime in this model as noted by Hansen and Sutera (1993a) . Hansen and Sutera (1993b) also found that most observed Pacific blocking events in winter are associated with such a large-scale flow regime.
4 A comparison of the double CO 2 simulation to the control climatology Figure 7 shows the histograms of block formation regions for the total five-year sample of 2;CO blocking events and by season normalized to ten years so a direct comparison can be made with Figs. 1 and 2 . The double CO simulation (DCS) model run (Fig. 7a) has a broad block formation region over the Pacific region, as well as a sharper peak in the Atlantic region, which is similar to the CS and observed climatologies. However, like the CS, this peak is located about one or two grid intervals west of the observed peak, and more blocking events are observed to form over the western and central Atlantic region. Unlike the CS, the DCS (Fig. 7a) does show the preferred region for block formation over the western Asian continent found observationally. Blocking events were also found over the North American continent in the DCS (Fig. 7) , a feature that is conspicuously absent from both the CS and observational climatologies (see Fig. 1a, b ). An intraseasonal examination reveals that the location of DCS fall and winter season events (Fig. 7c, d ) compared favorably to the CS over both the Atlantic and Pacific region (Fig. 2b, c) , but there was a noticeable paucity of fall season DCS blocks. An examination of the genesis locations (spring) DCS events (Fig. 7b, d) shows good qualitative agreement with the CS for the Pacific (Atlantic) region, but a lack of DCS Atlantic (Pacific) region blocking.
The total five-year DCS sample includes 111 events, or an average of 22.2 events per blocking year. The average annual frequency of occurrence in the DCS is strikingly similar to that in the CS. However, this does not preclude significant seasonal and/or regional changes in blocking activity. For example, the frequency of block occurrences over the continental region increased from 3.6 events annually in the CS to 5.8 in the DCS. Also, as was suggested by the previous example, ''internal compensation'' can take place in climatologies that have similar overall characteristics, and this necessitates a more detailed investigation.
In Fig. 8a (Table 4 ) the results are stratified by month (season). They reveal that DCS blocking events, unlike CS blocking events (Fig. 4a) , showed a distinct maximum in occurrence during the spring and a minimum in the fall. While occurrence of Atlantic region blocking events are similar to those in the CS and observations, there were changes in the monthly frequency of block occurrences for both the Pacific and Continental region. In the DCS, there were fewer Pacific region blocking events than in the CS, and their seasonal PDF was more typical of observed continental events (i.e., no seasonal variation). For the continental region, the differences between the DCS and CS seasonal PDFs were more striking. In the DCS, there were almost twice as many events as in the CS, including more events over the North American continent. The occurrence of DCS blocking events within this region exhibited a pronounced spring (fall) maximum (minimum), which occurred slightly earlier in the calendar year than in the CS and whose impact on the total Northern Hemisphere occurrences is easily seen in Fig. 8a .
The total number of DCS blocks increased in the winter and spring, but decreased in the summer and fall when compared to the CS. The largest changes in Northern Hemisphere blocking frequency occurred in spring which showed a 43% increase (7.6 DCS versus 5.3 CS events per spring) in blocking activity. This change in frequency of occurrence was examined in terms of mean occurrences per year, and the increase in spring occurrences proved to be significant (at 95% confidence level). The large increase in spring blocking activity is mainly associated with a four-fold (2.8 versus 0.7 events annually) increase in the number of Continental region events. The number of Atlantic region events also increased appreciably (52% or 3.2 versus 2.1 events). The summer season decrease in block occurrence in the double CO experiment was due primarily to Atlantic region decreases (65% or 0.6 versus 1.7 event annually). In the fall season, however, all three regions experienced a decrease in blocking activity.
While the overall frequency of block occurrences underwent no significant change, the number of blocking days and durations exhibited larger increases. In general, the average annual total number of days (Table 4) increased 7.6% for the DCS, however, this increase was not statistically significant. The continental region exhibited a large increase (63% or 44.4 days versus 27.3 days per year), while both the Pacific and Atlantic regions exhibited a small decrease or no change in the annual number of days, respectively. The Pacific region showed a smaller decrease in the total number of blocking days than the decrease in the number of events, but the Continental region exhibited similar increases in the total number of blocking days and events. These changes were examined in terms of mean annual number of days, and only the increase in Continental region blocking days proved to be significant (at the 95% confidence level). An intraseasonal examination shows that the number of summer and fall blocking events and total days were fewer, on the whole in the DCS, than those in the CS (32.2 days versus 44.8 days and 39 days versus 44.0 days per year, respectively). These decreases, however, were not statistically significant. By contrast, the number of winter and spring blocking events and total days exhibit increases (47 days versus 34.9 days and 61.2 days versus 43 days per year, respectively), and both increases significant at the 95% and 99% confidence level, respectively. The largest increase in the number of blocking days, like the largest increase in block occurrences, occurred over the continental regions in the spring (a more than four-fold increase), and, again, the impact of this increase is clearly evident in Fig. 9 . It should also be noted that the number of blocking days increased in both the winter and spring seasons over every region, with the exception of the Pacific region spring which showed a decrease (Table 4b ). The number of blocking days showed (Table 4b ).
In the DCS, block durations experienced a 9.4% increase overall (significant at 99%) and these durations were greater for most seasons and regions (Table 4c) , with only the summer season showed modest or insignificant decreases. Increases in Pacific regional and winter seasonal mean durations were significant at the 95% confidence level. The largest seasonal or regional increase in block persistence occurred in the fall season, and was largely due to increases in Atlantic and Pacific region durations. However, this increased fall season persistence was not proven to be a significant increase. Aside from the fact that the sample size in that season was small, two of the three most persistent events in the DCS climatology occurred during that season.
Block intensities in the DCS (Table 5) were weaker for the five-year sample and for most regions and seasons when compared to the CS. The decrease in the overall mean block intensity was significant at the 95% confidence level. Exceptions occur, e.g., weak intensification of winter and spring Continental or fall Atlantic region blocking events. The largest overall decrease in mean intensity occurred for summer blocking events (significant at the 99% confidence level), which was largely due to the 20% decrease in intensity of summer Continental region blocking events. All other DCS seasons experienced similar decreases in intensity (approximately 5%), with only the decrease in intensity of winter blocking events being significant at the 95% confidence level. There were also decreases in the intensity of blocking events across all regions. Additionally, the overall intensity difference between the DCS and CS was less than the intensity difference between the CS and observations of LS95.
The largest overall regional intensity difference occurs when comparing DCS and CS Pacific region events (9% or 2.76% in the DCS versus 2.52 for the CS), and this was the only region to experience a significant (at the 99% confidence level) decrease in mean block intensity. Three particular subsets that showed the greatest weakening block intensities were summer season Atlantic and Continental, and winter season Pacific region blocking events. The PDF of blocking events (not shown) in the DCS, like CS events, is skewed toward weaker events, and 55.9% (62 events) of all events were classified as weak. No events in the DCS could be classified as strong. While the actual intensities were generally weaker, the annual intensity trends are similar to those of both the CS and of observations, i.e., that blocking events were weaker in the summer and stronger in the winter. Finally, cross-correlating each blocking characteristic with one another produced the same result as the CS and observed blocking events in LS95 (i.e., only block size correlated positively with block intensity).
Blocking events in the DCS climatology were, in general, of similar size to those in the CS (Table 5b) . A regional analysis shows that, like blocking events in the CS and unlike observed blocking events, blocking events in all three regions are also of similar size. Also, no region or season exhibited any significant change in block size when comparing CS and DCS blocking events. Examining the annual variation in DCS blocking anticyclone sizes shows that, like both CS and observed blocking events, they are largest during the winter season and smallest during the summer. There was a similar annual variation in block size found across all regions. Both Atlantic and Pacific regional block sizes were similar to their CS counterparts over all seasons. Continental region blocking events, however, were larger in the summer seasons and smaller during the transition seasons. Within the winter season, blocking events over both oceans were smaller and had a tendency to be located about 5°latitude north of those in the CS. This result may be, at least in part, due to the northward retreat of the sea-ice margins over both northern oceans that has been found to occur in CCM1 within an increased CO atmosphere (Oglesby and Saltzman 1992) .
Summary and conclusions
Two climatologies of Northern Hemisphere blocking anticyclones were derived from data output by the NCAR CCM1. These experiments included a present-day control simulation and a double present day CO concentration simulation (see Oglesby and Saltzman 1992 , for more detail). The climatologies from both were developed using the methodology of Lupo and Smith (1995a) , with the exception that relationships between the characteristics of blocking anticyclones and mid-latitude cyclones were not examined in detail here. The objectives of this study were to evaluate the ability of the CCM1 to reproduce the observed blocking climatology of the Northern Hemisphere, and to examine the possible impact of increased CO concentrations, and the implied ''greenhouse'' global warming, on the blocking climatology. In evaluating the performance of the control CCM1 experiment, the results were compared to the observational results of Lupo and Smith (1995a) . Additionally, the results were compared to those of Bates and Meehl (1986) to determine what effect, if any, improvements made by the earlier versions of CCM (CCMOB) had on the climatology of blocking anticyclones.
The results show that the model did an adequate job in reproducing the climatology of blocking anticyclones in the Northern Hemisphere. The annual number of occurrences and the annual variations in block size and intensity were characteristics represented well by the model. A correlation, significant at the 99% confidence level, between the size and intensity of model blocks was found, a result also found by LS95 for the observations. Also, in general, the location of block genesis regions compared favorably with those of the observed climatology, especially over the Pacific region. Differences between the two climatologies in block genesis location for the Atlantic region may be attributable in part to the lack of oceanic dynamics in the model and the subsequent impact on the simulated North Atlantic cyclone track. Finally, the interannual variability of block occurrences was not examined in this work owing to the short length of the model climatology and the fact that climatic variability in the 2-8 year range tied to the ENSO cycle and blocking would not be expected to exhibit a robust signal in this version of CCM1.
The results of this climatology using CCM1 were comparable to those of Bates and Meehl (1986) who used CCM0B. The only noteworthy difference, the latitudinal positioning of Atlantic blocking events, is probably due to the differences in each model's winter climatology. Therefore, the improvements made to the CCM did not significantly degrade the generally favorable comparison of the CCM0B model climatology with observations for blocking characteristics examined here. It is also important to note that no unified definition of blocking exists, and there are some fundamental differences between definitions used in various studies (e.g., Rex 1950; Obukhov et al. 1984; Shukla and Mo 1983; Lejenas and Okland 1983; Liu 1994; Mokhov et al. 1994 ). These differences could make comparisons between climatologies difficult. In particular, meridional, or Rex-type blocking events could be underestimated using our methodology.
A more detailed comparison of the model blocking climatology to the observed blocking climatology revealed some important differences. In general, model blocks were weaker and did not persist as long as their observational counterparts. Also, there was little annual variation in the occurrence of blocking events. This differs from observations which generally exhibit a pronounced winter maximum and summer minimum in block occurrence. This result can be explained by the greater number of spring and summer model events found over the Pacific region. The model also failed to adequately represent the occurrence of Continental region events. This failure may be at least partially attributed tot the failure of the model to adequately represent the Mediterranean area storm track.
The results of the double present-day CO concentration experiment showed that, in general, blocking anticyclones were more persistent but weaker than their counterparts in the control experiment. All other characteristics of the overall sample such as; frequency of occurrence, size, preferred genesis locations, and annual variations in size and intensity, were generally similar to the control experiment. The correlation between block size and intensity found in the control experiment and observations was also found in the 2;CO case. A regional and seasonal analysis showed that there were some significant differences between the two climatologies, and perhaps the most striking difference was the three-fold or more increase in Continental region block occurrences and total block days. This increase is due to the appearance of the observed western Asian Continental maximum in the double CO run. There was also an increase in blocking frequency over the North American continent compared to the CS and observations, a result that was conspicuously absent from the control and observed climatologies. Additionally, there were more winter and spring blocking events in the DCS than in the CS, with the significant increase winter season and Pacific region block durations. There were fewer summer and fall DCS than CS blocking events, however, these DCS events were, in general, more persistent than their CS counterparts.
In general, some differences were found between the characteristics of blocking anticyclones in the DCS versus those of the CS, especially over the continental regions. This does not imply, however, that these changes in the blocking climatology found here are occurring or will actually occur in observational blocking climatologies, as these changes are only valid for the climate of ''planet'' CCM1. Therefore, conclusions about changes in the blocking climatology found here should be examined in light of differences known to exist between that of CCM1 and observations. For example, it is now believed that the neglect of sulfates and other trace constituents that impact on the planetary albedo may be one reason why climatic trends in increased CO GCM experiments do not necessarily agree with observed climatic trends. Erickson et al. (1995) evaluated the indirect effect of sulfate aerosols on the CCM1 climate. Shaw (1995) shows that the build up of pollutants in Arctic regions could influence climate change. Iversen and Joranger (1985) show that blocking could play a role in the transport and build up of trace constituents, which could in turn feed back on the climatological behavior of synoptic-scale weather systems (Serreze et al. 1993 ) and larger scale systems such as blocking. Finally, in order to verify these conclusions about changes in CO concentration, similar climatologies for other values of CO could be compiled using the data of Oglesby and Saltzman (1992) , who simulated several CCM1 climates using a range of CO concentrations.
